Background: Bone metastases are a common cause of skeletal morbidity in patients with advanced cancer. The pattern of skeletal morbidity is complex, and the number of skeletal complications is influenced by the duration of survival. Because many patients with cancer die before trial completion, there is a need for survival-adjusted methods to accurately assess the effects of treatment on skeletal morbidity.
Background
Malignant bone disease involves a complex interplay between tumor and bone, resulting in increased bone resorption, stimulation of tumor growth in bone, and decreased skeletal integrity [1] The development of bone lesions is common in many types of advanced cancer, including multiple myeloma and breast, prostate, and lung cancers [2] For example, approximately 65% to 75% of patients who develop metastatic disease from breast or prostate cancer (the most common malignancies in women and men, respectively) will develop bone metastases [2, 3] Bone metastases from breast cancer have an especially high propensity to cause skeletal complications [4] [5] [6] [7] Therefore, a large population of patients are at risk for skeletal-related events (SREs) such as pathologic fractures, spinal cord compression, severe bone pain requiring palliative radiotherapy, loss of structural integrity and impending fracture that requires surgery to bone, and hypercalcemia of malignancy [1] Patients with advanced breast cancer have a median survival of approximately 2 years after an initial diagnosis of bone metastases and are at long-term risk for SREs. These patients experience an average of 3 to 4 SREs every year in the absence of bisphosphonate therapy [1] However, the risk of experiencing subsequent SREs increases approximately 2-fold after the first incident; therefore, SREs usually occur in clusters and become more frequent as the disease progresses [3, 8] Skeletal morbidity also undermines patients' quality of life and their ability to function in daily living, and fractures have been associated with significantly reduced survival [9, 10] Currently, data on prognostic indicators for disease progression are available in patients with metastatic bone disease. For example, outcomes from exploratory analyses indicate that the risk of skeletal complications in patients with breast or prostate cancer is correlated with the rate of bone resorption [11, 12] Elevated baseline levels of N-terminal telopeptide of type I collagen (NTX), a marker of bone resorption, strongly correlated with the number of SREs or death compared with low NTX levels. Patients with NTX levels > 100 nmol/mmol creatinine were more likely to experience an SRE and/or death than were patients with NTX levels below this level (p ≤ 0.01). In addition, the number of bone lesions has also been found to influence the rate of skeletal complications from metastatic bone disease. In exploratory analyses of 3 multicenter, phase III trials in patients with metastatic bone disease (n = 1,616) who were retrospectively stratified by the number of bone lesions at baseline, patients with > 3 bone lesions had a higher skeletal morbidity rate than did those with ≤ 3 bone lesions [13] Finally, the presence or absence of pain at baseline may provide insight into a patient's risk for SREs. Retrospective data from a phase III trial suggest that patients with breast cancer and pain at baseline have a higher mean annual incidence of SREs than do patients with no pain at baseline [14] Insight into the natural course of metastatic bone disease could be enhanced by robust analyses for determining the risk for SREs based on lesion sites. However, such analyses are lacking. The placebo arm of a phase III pamidronate registration study provides an opportunity to investigate the natural history of skeletal morbidity in patients with breast cancer [15] This trial is the largest database of patients with bone metastases from breast cancer who received placebo. The data from this study can serve to illustrate the complicated patterns of skeletal morbidity in patients with advanced breast cancer and provide a rich database for testing the newer statistical methodology for assessing skeletal morbidity, such as random-effects models. This methodology can accommodate variations in event rates between patients, in contrast with previous methodologies, which underestimated data variability and could thereby inflate false-positive errors in treatment comparisons [16] The analyses presented herein assessed the potential prognostic significance of multiple variables including age, location of metastases, and pain to determine survival and SREs. In addition, the relationship of lesion site with risk for SREs was assessed to provide insight on the risk for SREs in patients with advanced cancer.
Methods

Study Design
An exploratory analysis was performed using data from the placebo-control arm of a 2-year, randomized, controlled trial of pamidronate for the prevention of skeletal morbidity in patients with bone metastases from breast cancer who were receiving cytotoxic chemotherapy. Patients were enrolled from January 1991 through March 1994, and trial results were published in December 1996 [15] The rationale for the trial size was based on SRE prevention by pamidronate versus placebo and has been previously described [15] Briefly, patients with stage IV breast cancer who had at least 1 osteolytic bone metastasis were stratified by Eastern Cooperative Oncology Group (ECOG) performance status and then randomized to receive either pamidronate 90 mg (via 2-hour infusion) or placebo every 3 to 4 weeks for 1 year. Patients who completed 1 year on study were allowed to continue on study for an additional 1 year of therapy. The primary endpoint was the time to first SRE, including pathologic fracture, spinal cord compression, and the requirement for surgery or radiation therapy to bone. Secondary endpoints included incidence of SREs, change in bone pain and performance status, and overall survival. All SREs were included in the current analysis, in contrast with the original study report in which a 21-day window between onstudy SREs was used. Lesion sites were assigned for bone metastases on the basis of anatomic criteria: the pelvis included any non-spinal lesion visible on a standard pelvic radiograph (including the approximate top one third of the femur), the skull included any lesion on the skull including the jaw, the chest included any lesions on the chest, rib, or collar bone (excluding the spine), and the extremities included any lesion in a region not described by the other sites (eg, the arms, lower legs, hands, and feet). The locations of SRE sites were determined by review of medical records, which was necessary because of the presence of multiple bone lesion sites in most patients.
Statistical Methodology
Associations between sites of bone lesions were assessed using descriptive statistics. Cox proportional hazard models were used for univariate and multivariate analyses of potential risk factors for reduced survival, time to first SRE, and time to first pathologic fracture. All covariates were included in a multivariate model, and then only variables retaining significance (p < 0.05) were included in a reduced multivariate model. Baseline variables considered included age (< 50 or ≥ 50 years old), time from diagnosis of cancer to study entry (years), time from diagnosis of metastases to study entry (years), urinary hydroxyproline/creatinine ratio, serum bone-specific alkaline phosphatase (BALP) level (in units/L), Brief Pain Inventory pain score, fracture history (yes/no), radiotherapy history (yes/no), chemotherapy history (yes/no), hormonal therapy history (< 2 or ≥ 2), ECOG performance status (< 2 or 2 to 3), estrogen-and progesterone-receptor status (negative, positive, or unknown), metastatic disease limited to skeleton (yes/no), presence of lung or liver metastases (yes/no), presence and quantity of primarily osteolytic, osteoblastic, or mixed bone lesions (0, 1 to 2, or ≥ 3), and lesion site. The survival distribution was assessed and stratified by bone lesion site using Kaplan-Meier esti- mates. For each bone lesion site, skeletal morbidity parameters for that site were assessed using the survivaladjusted cumulative mean function [17, 18] Site-specific SREs by each respective lesion site were evaluated in a survival-adjusted model. This model has previously been used to capture patterns of skeletal morbidity during bone-targeted therapy [16, 19] All SREs at each respective site were included in the cumulative mean functions, and no event window was applied to the SREs because all SREs contribute to the overall burden of skeletal morbidity, even if they are related events. Although hypercalcemia of malignancy is a clinically important SRE associated with bone metastases, the anatomic site responsible for its cause cannot be specified; therefore, it was not included in the survival-adjusted cumulative mean functions for each lesion site.
Results
Patient Demographics and Baseline Characteristics
Bone lesion data were available for all 195 patients in the placebo group. Patient demographic and baseline disease characteristics are shown in Table 1 [15] The skeleton was the only site of metastasis in 60% of patients. Consistent with the fact that no bisphosphonates had yet been approved in this setting at the time, most patients had been diagnosed with bone metastases more than 1 year before study entry, but none had received prior bisphosphonate therapy. Most patients also had bone lesions at multiple anatomic locations. The majority of patients (64%) were found to have bone metastases in the pelvis, spine, and chest (Table 2) .
Risk Factors for Skeletal Morbidity and Death
For overall survival, all of the variables assessed in both univariate and full multivariate analyses and their associated relative risk ratios are shown in Tables 3 and 4 . At trial completion, 43% of patients were alive. Hydroxyproline/creatinine ratio (centered) and positive progesteronereceptor status were the only variables to significantly correlate with overall survival in both univariate (p = 0.001 and p = 0.022, respectively) and full multivariate analyses (p = 0.001 and p = 0.050, respectively). The same variables used for overall survival were included in the univariate and full multivariate analyses to assess prognostic factors for experiencing a first SRE (Tables 5 and 6 ). At trial completion, 56% of patients had experienced at least 1 SRE. Pain scores and prior radiotherapy significantly correlated with risk of first SRE in both univariate (p < 0.001 for all) and full multivariate analyses (p < 0.001 for pain; p = 0.018 for prior radiotherapy).
The reduced multivariate models included all significant variables from the multivariate models. For overall survival ( Figure 1A ), increased time from diagnosis of cancer to study entry, a higher hydroxyproline/creatinine ratio, a history of 2 or more prior hormonal therapies, and the presence of lung metastases significantly correlated with decreased survival duration (p ≤ 0.034) in the reduced model. Increased time from diagnosis of cancer to diagnosis of bone metastases and positive progesterone-receptor status significantly correlated with increased survival (p ≤ 0.011). For first SRE, a higher pain score, prior radiotherapy, and the presence of 3 or more osteolytic lesions correlated with a significantly increased risk (p ≤ 0.039; Figure 1B ). For pathologic fractures, a higher level of BALP, a higher pain score, and a poorer performance status (ECOG 2 or 3) significantly correlated with increased risk (p ≤ 0.012; Figure 1B ). For radiotherapy to bone, a higher pain score and prior radiotherapy correlated with an increased risk (p ≤ 0.010; Figure 1B ).
Cumulative Mean Function for Bone Lesion Locations
Median survival was similar for each of the bone lesion groups and was approximately 15 months. Spinal lesions were associated with the highest incidence of SREs and had a cumulative mean incidence of approximately 0.65 SREs per year (Figure 2A) . The most common spinal SREs were palliative radiotherapy and fractures. Thoracic and pelvic lesions were associated with a slightly lower incidence of SREs and had a cumulative mean incidence of approximately 0.50 SREs per year ( Figures 2B and 2C , respectively). Lesions located on the extremities were associated with an intermediate incidence of SRE and had a cumulative mean incidence of approximately 0.25 SREs per year ( Figure 2D ). Lesions located in the skull were associated with the lowest incidence of SREs and had a cumulative mean incidence of < 0.1 SRE per year ( Figure  2E ). The most common SRE experienced in the skull was the need for radiotherapy.
The incidence of SREs for the overall patient population was determined based on SRE location. Spinal lesions carried the highest cumulative mean incidence of SREs, followed by lesions in the chest and pelvis ( Figure 3A) . Lesions in the chest and spine carried the highest cumulative mean incidence of pathologic fractures at these sites, whereas fractures were less common in the pelvis and rare in the skull or extremities ( Figure 3B ). Although radiation to bone was the most common SRE for skull lesions, the overall incidence of radiation to bone in the skull was lowest. The incidence of radiation to bone was highest for pelvic and spinal lesions ( Figure 3C ).
Discussion
The development of bone metastases is common in many advanced cancers including cancers of the breast, prostate, and lung [9] After diagnosis of bone metastases, the median survival varies among different tumor types but can be measured in months for patients with advanced lung cancer or years for patients with advanced breast or prostate cancer. These patients are at long-term risk for developing painful and potentially debilitating SREs that can negatively influence their quality of life and decrease their duration of survival. Patients with metastatic bone disease will generally experience 3 to 4 SREs each year, [1] although the occurrence of these skeletal complications is not regular. Skeletal-related events are known to occur more frequently during periods of disease progression and occur more often in temporal clusters as the cancer becomes more advanced. Obtaining a greater understanding of the natural course of disease progression in patients with metastatic bone disease may help identify patients who are at higher risk for SREs and may benefit the most from bone-directed therapies such as bisphosphonates, or who may require close monitoring and surveillance.
Information regarding prognostic indicators for disease progression is currently available for patients with metastatic bone disease. For example, variables including prior SRE, number of lesion sites, the presence of pain, and high levels of bone resorption are known to affect patients' risk for SREs. In the current study, reduced multivariate analyses confirmed that the presence of 3 or more osteolytic lesions correlated with an increased risk for SREs. Moreover, multivariate analyses demonstrated that higher pain scores and prior radiotherapy also correlated with an increased risk for SREs. This exploratory natural history study of bone metastases was limited by the available data and only produced statistical associations between variables. The dataset used in these analyses was from the largest documented placebo-controlled trial of patients with bone metastases from breast cancer. Therefore, the evaluated patients were not a random sample of patients with bone metastases, but the best available patients. Moreover, the multiple comparisons used in this study were not prospectively defined at the time of patient enrollment; therefore, there is inconsistency in the number of patients with available data for each variable. Further prospective studies would be needed to confirm the findings from this study. Such trials are unlikely to be initiated, however, as bisphosphonate treatment of patients with bone metastases is now standard of care and a placebo-controlled trial may be unethical.
Although information on prognostic factors for SREs based on baseline disease characteristics is available, data regarding patients' risk for SREs based on the natural course of malignant bone disease are lacking. The data Forest plot of relative risks in patients with bone metastases from breast cancer Figure 1 Forest plot of relative risks in patients with bone metastases from breast cancer. Significant covariates for (A) overall survival, (B) first SRE, first pathologic fracture, and first radiation to bone. The relative risk for each covariate was derived from reduced multivariate analyses. Lines represent 95% confidence intervals. PR = Progesterone receptor, SRE = Skeletal-related event, BALP = Bone-specific alkaline phosphatase, ECOG = Eastern Cooperative Oncology Group.
presented herein demonstrate that, in addition to the identified prognostic factors, the complex pattern of skeletal involvement associated with metastatic bone disease is clinically meaningful in determining the risk for SREs. Specifically, the anatomic site of skeletal lesions can provide insight into the risk of skeletal morbidity at the lesion site. For example, patients with pelvic, spinal, and chest lesions can be considered high risk for SREs. These lesions were associated with the highest cumulative mean incidence of SREs per year, with the spine demonstrating the highest risk of SREs. In contrast, lesions on skeletal sites that are not weight-bearing, including the skull and extremities, are associated with fewer SREs. Although the location of skeletal lesions affected the cumulative mean incidence of SREs, it did not appear to affect survival, because the median overall survival was approximately 15 months for all patients regardless of lesion site. However, this analysis is limited by the presence of multiple metastatic sites in the majority of patients, and, while the effects of each lesion site on SRE risk could be evaluated separately by limiting the assessed SREs to those occurring in that lesion site, this type of adjustment could not be made for the survival outcome.
Patients with metastatic bone disease are at a long-term risk for SREs that can undermine patients' functional independence. Identifying those patients who may be more susceptible to potentially debilitating SREs may help to optimize bisphosphonate therapy and maintain their quality of life throughout the course of disease. This study indicates that patients with lesions to the pelvis, spine, or chest are at increased risk of SREs, and prior studies demonstrated that patients with an SRE are at increased risk of subsequent SREs [20] Bisphosphonates reduce the risk of SREs in patients with bone lesions from solid tumors or multiple myeloma and provide continu- ous treatment benefits to patients even after the development of an SRE [7, [20] [21] [22] [23] In patients with bone metastases from breast cancer, zoledronic acid reduced the risk of a second SRE by 31% compared with pamidronate (p = 0.045) [23] Moreover, in patients with prostate or lung cancer, zoledronic acid reduced the risk of a second SRE by 40% (p = 0.028) and 31% (p = 0.0009), respectively, compared with placebo [7, 22] The combination of these prior findings and the current results indicates that early and continuous bisphosphonate treatment is necessary to delay time to first SRE and reduce the overall occurrence of SREs. Additionally, these analyses underscore the importance of treating bone lesions, especially for patients with pelvis, spine, or rib lesions, and provide important insight into the natural history of bone disease from advanced cancers. The insights gained from these exploratory analyses and previous studies [11, 16, 24] provide the basis for developing a predictive nomogram for assessing bone morbidity, which we plan to test using the databases from the phase III zoledronic acid clinical trials.
Conclusion
Skeletal complications from bone metastases can undermine quality of life and may be life-limiting in patients with advanced cancer. Although metastases can occur throughout the skeleton, some sites may be associated with a higher rate of symptoms. Retrospective analysis of the placebo-controlled arm of a pamidronate study in patients with bone metastases from breast cancer revealed that spinal and chest metastases were associated with the highest risk of SREs. In contrast, metastases located in the skull correlated with the lowest risk of SREs. These results
Time course of survival-adjusted cumulative mean function of skeletal-related events (SREs) in patients with bone metastases from breast cancer Figure 3 Time course of survival-adjusted cumulative mean function of skeletal-related events (SREs) in patients with bone metastases from breast cancer. Lesion locations were determined for patients with (A) any SRE, (B) pathologic fractures, and (C) radiation to bone.
